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Microsporidia are obligate intracellular parasites whose genomes have been shaped by an extreme lifestyle. Specifically,
their obligate intracellular parasitism has resulted in the loss of many genes and biochemical pathways, but these
reductive processes have been often offset by the acquisition of several genes by means of horizontal gene transfer
(HGT). Until recently, these HGTs were all found to have derived from prokaryotic donors, but a recent study suggests
that some species took advantage of this mechanism to acquire one gene from an animal, which they maintained in their
genome for metabolic purposes. The gene encodes for a purine nucleoside phosphorylase, and shows a strong
phylogenetic signal of arthropod origin. Here, we briefly review our current knowledge of HGTs discovered across
microsporidian genomes and discuss the implications of the most recent findings in this research area for understanding
the origin and evolution of this highly adapted group of intracellular parasites. A novel gene potentially transferred by
means of HGT to one microsporidia is also reported.
Introduction
Microsporidia represent a group of ultra-
adapted, obligate intracellular parasites
that are found to infect virtually every
known animal lineage; from worms to
humans. Microsporidian cells are very
simplistic in form, lacking conventional
mitochondria, and harbouring an atypical
Golgi apparatus and “prokaryote-like”
rRNA molecules (rRNA).
1 The presence
of these unconventional features in micro-
sporidia have long been thought to reflect
their primitive eukaryotic nature.
2-5
However, it is now well recognized that
these result from their adaptation for an
atypical lifestyle, and these curious unicel-
lular organisms are currently best descri-
bed as representing one of many offshoots
of the fungal kingdom.
6-10
The genomes of microsporidia are also
compelling mirrors of their specialized way
of living—they are small, and simplistic in
both form and content. Until now,
sequencing efforts have revealed that the
genomes of all members of the group are
characterized by at most 2,500 genes,
which are usually involved in a few,
reduced metabolic pathways.
11 Obviously,
this reduction in many biochemical path-
ways has resulted in microsporidia being
unable to produce a number of cellular
compounds, so members of this lineage
strongly depend on their host’s metabolism
for many cytoplasmic supplies; including
nucleotides and amino acids.
12,13 In the
most extreme case, one microsporidia
appears to have lost the capacity to
produce ATP altogether;
14 resulting in
its dependence on the host for even the
most basic source of energy.
Undergoing massive gene losses may
not appear as an ideal solution to evolve
a successful lifestyle, but microsporidian
parasites have managed to offset the
miniaturization of their proteome by
acquiring a battery of genomic tools;
which they now use to protect themselves
from environmental insults and to profit
more fully from their hosts.
Role of Horizontal Gene Transfers
in the Evolution of Microsporidia
The compelling reductive processes that
characterize microsporidia have often
overshadowed what’s abundant in their
genomes. Indeed, all species with surveyed
genomes are all surprisingly rich in “trans-
porter” proteins (e.g., ATP transporters,
Folate transporters), that are typically used
by these parasites to steal metabolites
13-15
and energy from the hosts they invade
16
(Fig.1A). In the case of ATP/ADP trans-
porters, these appear to have been acquired
by microsporidian genomes from a num-
ber of donors by means of HGT, and it is
now increasingly accepted that such trans-
fers have likely originated from co-infecting
bacteria; such as Chlamydia.
15,17,18
HGTs have also affected microsporidian
lineages in other ways. For instance,
species in genus Antonospora, Nosema
and Octosporea have experienced addi-
tional gene transfers that provided a
welcomed protection for their cells.
15,19,20
One of these genes encodes for a super-
oxide dismutase that catalyzes the conver-
sion of superoxide anions into oxygen
and hydrogen peroxide, while the other
encodes for a catalase; a protein respons-
ible for the decomposition of hydrogen
peroxide to water and oxygen. Both genes
are, therefore, critical in the detoxification
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of cytoplasmic environment from reactive
oxygen species. Interestingly, the catalase is
found in the peroxysome in other organ-
isms, an organelle that is lacking from
microsporidian cells; and both sequences
harbor a strong prokaryotic signal.
19,20
Some of these latter genera have also
gained protection by acquiring a “photo-
lyase,” which is required for the repair of
UV-induced DNA damage; an essential
tool to avoid cell death as a consequence
of mutagenic factors.
21 These genes are all
absent in more diverged lineages of the
group (i.e., Encephalitozoon spp), leading
to the prediction that spores from Anto-
nospora, Nosema and Octosporea may
be better protected from environmental
factors than those of other species.
21
An Animal Gene in a Microsporidia
For some time, questions have remained
as to whether microsporidia have also
acquired genes from more closely related
donors and, perhaps, used these HGTs
to rebuild broken biochemical pathways.
Interestingly, a recent study based on
ongoing genome sequencing projects sug-
gests that these processes are likely to have
happened in two species.
Inspections of the genome draft of
Encephalitzoon romaleae, an insect-infecting
microsporidia, have revealed the presence
of a protein encoding gene that was
previously unknown from other members
of this group; a purine nucleoside phos-
phorylase (PNP).
22 This enzyme is known
to be involved in the salvage of pur-
ines,
23-25 so its presence is likely to benefit
the metabolic power of E. romaleae.
Surprisingly, the amino acid sequence of
the E. romaleae PNP gene did not show
significant similarities with homologs
from prokaryotes, or from closely related
unicellular eukaryotes, but shared instead
a strong identity with homologs from
arthropods. This unexpected finding was
further confirmed using a variety of
methods and models for phylogenetic
analyses, and resulted in the discovery of
the first compelling case of HGT between
a microsporidian parasite and an animal
(Fig.1A). Because E. romaleae is an
obligate intracellular parasite of insects,
this HGT seems better explained if it had
derived from its host, rather than from
another unknown source. It is also
notable that the PNP appears to be some-
how amenable to HGTs, since similar
gene acquisitions have been reported in
other parasites, such as Giardia lamblia
26
Borrelia hermsii
27 and Cryptosporidium
parvum
28; although never from eukaryotic
donors. Certainly, the unusual frequency
at which PNP has been moved across
many distantly related lineages suggests
that the acquisition of this gene repre-
sents a strong selective advantage for
many parasites. One may, therefore expect
other metabolically relevant genes to have
been moved around in the same way.
A Novel HGT Candidate
in the Genome of
Encephalitozoon Romaleae
Interestingly, more recent inspections of
the genome of E. romaleae in our lab have
Figure1. (A) Events of horizontal gene transfer (HGT) known to have occurred in microsporidia based on published sequence data. A schematic
representation of major evolutionary lineages is shown. Arrows depicts the evolutionary origin (e.g., gene donor) of different HGTs acquired by different
microsporidian genera. The red arrow highlights the gene transfer of the FPGS gene, whose origin is currently unclear. (B) Genomic location of the FPGS
gene in the genome of E. romaleae. Alignment of a homologous region of approximately 15kb region between the from E. romaleae, E. intestinalis and
E. cuniculi. This region is located on the chromosome 6 of E. intestinalis and E. cuniculi. The location of the folylpolyglutamate synthase (FPGS) genes in
E. romaleae is shown in yellow. Conserved hypothetical proteins are shown as black rectangles, whereas genes encoding for proteins with known
functions are shown as colored rectangles. Dashed lines indicate portions of the genome sequence that are missing a particular gene. * end of the
E. romaleae contig currently available.
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identified the presence of another HGT
candidate. This latter genome has been
sequenced using the Illumina technology,
and assembled and annotated as described
in
22 As for PNP, this gene is absent from
other relatives with published genomes,
12,13
and encodes for a metabolically important
protein; the folylpolyglutamate synthase
(FPGS). This protein represents an ATP-
dependent enzyme that plays a key role
in the salvage of folate and in its cellular
retention,
29 so its presence in the genome
is another strong indication that the
metabolism of this species may be more
elaborated than that of other microspor-
idia. The gene is located on a large contig
that resembles subtelomeric regions of
sibling species (Fig.1B), and its presence
in the genome was confirmed by PCR
and conventional DNA sequencing.
Verification of the location of folylpoly-
glutamate synthase within E. romaleae
was performed using the following set of
primers; 5'-FPGS_F1: GGATCGATG-
TTCGTGACTAAAAGGGT and FPGS_
R1: 5' TTCCATCTTCAAAGCGCCT-
TAGATCCT-3'. PCR reactions were
performed in 25ml containing a final
concentration of 1X EconoTaq
1 DNA
Polymerase (Lucigen, WI, USA), 0.5mM
of each primer and 0.3ml of DNA tem-
plate; and the products were sequenced
using conventional Sanger sequencing.
Amino acid sequences of publicly avail-
able FPGS’s homologs from other taxa
were acquired from RefSeq GenBank,
ESTdb, as well as from complete eukar-
yotic genome databases deposited in the
Broad institute and DOE Joint Genome
Institute databases, and aligned using
Muscle 3.7.
30 to carry phylogenetic ana-
lyses as described in.
22 BLAST searches
(Table 1) and phylogenetic analyses all
pointed toward an animal origin for this
gene but, as opposed to the PNP gene,
statistical support for most analyses was
low and phylogenetic reconstructions
sometimes failed to support the mono-
phyly of natural lineages (e.g., the fungi).
So, while the FPGS gene has undoubtedly
been acquired by E. romaleae by means
of HGT, its donor cannot be identified
with certainty. Whatever its origin, how-
ever, FPGS represents another outstanding
addition to the biochemical repertoire of
E. romaleae, and highlights how remarkably
well this species has benefited from these
stochastic events compared with any
other member of the group. The contig
containing the FPGS gene is available in
GenBank under the following accession
number JN859606.
An Insect Gene in a Parasite
of Humans: Underpinning
the Frequency of “Host-Switch”
in Microsporidian Parasites
The identification of an arthropod gene in
E. romaleae (PNP) was certainly surprising,
but not inconceivable given that this
species is an intimate intracellular parasite
of insects. More intriguing, however, was
the fact that the gene could also be found
in the genome of a notorious human
pathogen, Encephalitozoon hellem.
31 So,
how can an insect gene move into the
genome of parasite of vertebrates? This
question was partly answered using phylo-
genetic analyses, which demonstrated that
E. hellem and E. romaleae are closely
related, sister species
22,32 sharing a recent
common ancestor from which they have
likely both acquired the PNP gene.
Whether E. hellem can also infect insects
is currently unknown, but the discovery
of an insect gene in this species indicates
that “host-switching” must have occurred
at one point in this particular lineage.
Importantly, infection of both insects
and vertebrate hosts by microsporidia has
already been documented for other species,
e.g., Anncaliia algerae,
33 Trachipleistophora
hominis
34 and Trachipleistophora extenrec
35;
so having an ancestor that could infect
both mammals and insects is a likely
event.
Perhaps, the ability of some microspor-
idia to infect drastically different lineages
(i.e. arthropods and vertebrates) is corre-
lated with the metabolic complexity of
some species. In particular, an increased
metabolism may reduce the dependency
of intracellular parasites for supplies from
their host, facilitating their autonomy
and their capacity to invade new environ-
ments (e.g., new hosts). This hypothesis is
consistent with the recently discovered,
improved metabolic capabilities of E.
romaleae and E. hellem (i.e., the FPGS
was also recently found in the unpublished
genome of E. hellem; J.F. Pombert and
Patrick Keeling, personal communication),
but genome data from other species that
are prone to radical host switches (i.e.
A. algerae, T. hominis, T. extenrec) will be
required to fully test this hypothesis.
Conclusion
HGT can be very profitable for their
recipients, enabling parasites to invade
new environments and adapt to conditions
prevailing within animals.
21,36-39 Micro-
sporidia seem to have mastered this type
of gene acquisitions, having received and
Table1. Protein with closest homology to FPGS gene from E. romaleae
Evalue % Pairwise Identity Query coverage Accession Organism
1.49E-100 43.00% 95.24% NP_998602 Danio rerio
1.03E-98 43.20% 95.24% XP_003440209 Oreochromis niloticus
9.84E-96 42.70% 97.14% EFX89284 Daphnia pulex
1.51E-94 40.00% 96.43% XP_003230625 Anolis carolinensis
2.77E-91 42.00% 96.90% XP_003440208 Oreochromis niloticus
3.89E-91 38.80% 96.90% XP_003470799 Cavia porcellus
6.21E-91 38.80% 97.14% AAH05484 Mus musculus
1.49E-90 40.80% 97.14% XP_001365989 Monodelphis domestica
3.60E-90 38.70% 96.90% NP_001230938 Cricetulus griseus
8.49E-90 38.50% 96.67% NP_001019651 Bos taurus
2.58E-89 38.50% 96.90% XP_851481 Canis lupus
4.68E-89 37.40% 96.90% XP_002915221 Ailuropoda melanoleuca
5.78E-89 42.00% 95.48% XP_002109877 Trichoplax adhaerens
8.69E-89 42.30% 96.19% XP_002430516 Pediculus humanus
1.00E-88 39.50% 92.38% DAA24139 Bos Taurus
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maintained a number of genes from
different donors by HGT that they now
use for protection, or to fuel their
metabolism. Microsporidian genomes have
been studied for some time, but only
recently sequencing efforts have started to
focus on species that are not exclusively
medically or ecologically relevant. Such
efforts just started to pay off with the
recent identification of an animal gene in
these parasites. This outstanding finding
has many implications for the field of
evolutionary biology, and may result in
an increased interest by many researchers
to search for similar events in other, cur-
rently overlooked microsporidian species.
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